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Abstract 
Ultra-short pulse lasers can be applied for fast and precise structuring of thin passivating SiO2 films on the surface of high 
efficient Si solar cells. This single pulse ablation reaction is investigated over the whole reaction time ranging from ps to 
μs by pump-probe microscopy. Results show ultra-fast reflectivity changes of the Si after 1 ps interpreted as melting and 
subsequent creation of a gas-liquid-mixture at 10 ps. The generated pressure causes the layer to bulge at 100 ps with 
velocities up to 1800 m/s and accelerations of 1012 g. The layer disintegrates at around 10 ns. 
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1. Motivation / State of the art 
Ultra-short pulse lasers are applied more and more in material processing. An advantage compared to 
longer laser pulses is that the appearance of thermal effects, such as the creation of heat-effected zones, are 
minimized due to the short energy deposition time of the laser pulses. A new application for these systems 
could be the structuring of thin passivating SiO2 layers on the surface of high efficient Si solar cells. These 
layers have to be opened locally for the electrical contacting of the solar cell [1-3]. 
It was observed that a SiO2 layer can be selectively removed from a Si substrate by the irradiation of a 
single ultra-short laser pulse at a wavelength where the SiO2 is transparent and the Si absorbing [4,5]. The 
underlying physical mechanism is assumed to be a so called indirectly-induced ablation [6]. Thereby, the 
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pulse energy is absorbed in the Si at the layer-substrate interface and causes heating, melting or evaporation of 
a thin silicon film. Its expansion leads to the lift-off of the overlaying SiO2 layer. Other industrial important 
layer systems, where indirectly-induced laser ablation processes can be applied are for example the selective 
structuring of zinc oxide (ZnO) on copper indium diselenide (CIS) in CIS thin film solar cell production [7,8] 
or the maskless patterning of biocompatible sensor chips [9,10]. At the latter, transparent tantalum pentoxide 
(Ta2O5) layers are locally removed from absorbing platinum (Pt). Indirectly-induced ablations are highly 
energetic efficient, because the removed material does not have to be evaporated and the resulting ablation 
spots show clean and burr free ablation edges. 
A well suited investigation method to obtain a deeper understanding of the underlying physical ultrafast 
reaction processes is the observation by pump-probe microscopy. Several groups have previously performed 
pump-probe microscopy investigations with femtosecond resolution on the ablation of bulk material [11,12] 
and on the layer-side ablation of thin metal films [13,14]. McDonald et al. used this method to analyze the 
described SiO2/Si layer system with the focus on the mechanical motion of the SiO2 layer in the time range 
between several hundreds of ps and 10 ns [15]. The aim of this work is to complement these investigations by 
observing the whole ablation reaction to the first time to our knowledge, also showing ultrafast phase 
transitions on the low ps time scale initiating the reaction and the advanced layer motion and its disintegration 
in the time range between ns and μs. Therefore a worldwide unique pump-probe setup described in the next 
section is used. 
2. Experimental 
 silicon (100) wafers with 500 nm thick thermally grown SiO2 were used. A part of 
the SiO2 layer was etched down to a thickness of 100 nm. 
A short overview of the experimental setup is sketched in FIG. 1. Laser pulses at a center wavelength of 
 = 1053  = 660 fs FWHM, repetition rate = 500 Hz) are divided into pump and probe 
pulses by beam splitter 1 (ratio of 90 to 10%). A single pump pulse, used for initiating the ablation, is 
separated by shutter 1 and focused on the sample (focus radius = 20 μm at e-2 intensity). The probe pulse, 
used for illuminating an area of about 300 x 300 μm² is frequency doubled (SHG) and optically delayed by a 
 = 4 ns. For probing with delay times above 4 ns, this probe path 
is blocked by shutter 2 and a 600  = 532 nm). Both optical 
probe paths are superimposed in beam splitter 2. The sample is imaged by a microscope and a CCD camera 
(calculated optical resolution = 1.22 μm). To take a series of pictures covering the whole reaction process, the 
delay time is varied and the sample is irradiated by a new single pump-probe-pulse combination at a new 
 
 
Fig. 1. Pump-probe microscopy setup: A 660 fs laser pulse is split in two parts (beam splitter 1). The first part (red pump branch) is 
focused at the sample and initiates the reaction. The second part (green probe branch) is frequency doubled (SHG) and temporally 
delayed for illumination (delay line for t < 4 ns). For t > 4 ns a 600 ps laser pulse is emitted by a second laser. A picture is captured by 
a CCD camera. 
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position for every picture. A detailed description of the pump-probe microscopy setup is given in an earlier 
paper [16], also showing image acquisition and processing. 
3. Results and discussion 
3.1. Atomic force microscopy (AFM) investigations 
To determine the suited fluence for a selective removal of a thin SiO2 film on Si, this layer system was 
 J/cm²    5 J/cm²). The laser 
parameters are described in the section before. Exemplary ablation spots were measured by atomic force 
microscopy (AFM) (FIG. thr for the removal of a 100 nm thin SiO2was found to be 
at thr = 0.5  = 0.4 J/cm² slightly below the ablation threshold the layer only 
bulges (FIG. 2 left). The maximum bulging height of 300 μm is reached on a circular area with a diameter of 
about 10 μm whereas the center of this area remains on the zero height level of the untreated material (cross 
section in FIG 2 left).  = 1.0 J/cm² a clean and selective ablation of the SiO2 film was 
achieved (FIG 2 middle). The cross section of this ablation spot reveals a circular area at the edge between 
remaining and removed SiO2 of about 2 μm in diameter where the ablation depth underruns the level of the Si 
in th  = 2.5 J/cm² this ring is still visible (FIG.2 right). Moreover, 
the Si is damaged and ablated in the spot center down to a depth of about -200 μm (cross section in FIG 2 
right). 
 
 
Fig. 2. AFM images of single  = 1053  = 660 fs) irradiated spots on a 100 nm SiO2 layer on Si substrate at different 
 = 0.4 J/cm² (left), 1.0 J/cm² (middle) and 2.5 J/cm² (right). Corresponding cross sections measured at the black dotted lines are 
shown under the images. 
Analogue measurements on the sample with 500 nm SiO2 thr  1.5 J/cm². 
To compare the removal reaction process for both layer thicknesses reaching different final states, the fluence 
 = 1.0 J/cm² was chosen. Here, the 100 nm film is removed selectively whilst the fluence is not high 
enough to ablate the 500 nm cleanly (see next section). 
3.2. Pump-probe microscopy investigations 
Time- and space-resolved pump-probe microscopy images of the single laser pulse irradiation at a fluence 
of 1.0 J/cm² of a SiO2/Si layer system are shown in FIG. 3. The SiO2 layer thickness is varied between 100 nm 
in the upper row and 500 nm in the lower row. The delay times are displayed over the corresponding pictures. 
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Fig. 3. Pump-probe images of SiO2 (100 nm upper row; 500 nm lower row) on Si at a fluence of 1.0  = 1053  = 660 fs).The 
delay times are indicated over the images. 
3.2.1. Irradiation of a 100 nm SiO2 layer on Si substrate 
 
At 0 s, a weakly bright spot can be observed in FIG. 3. The half of the 660 fs (FWHM) laser pulse has 
already passed the transparent SiO2 and its energy is absorbed by valence electrons in a thin Si film at the 
substrate-layer interface exciting them to the conduction band [17]. This strong excitation can lead to the 
creation of an electron-hole plasma, destabilizing the lattice structure [18,19]. This process is named 
 materials as well [20,21]. The even brighter spot after 1 ps is 
caused by the formation of a thin layer of molten Si [11,22]. The molten material has a higher reflectivity 
compared to the solid Si. The relative reflectivity change is determined in FIG. 4a to  = 1.25. At 10 ps 
 = -0.5) corresponding to a confined phase explosion and the creation of a 
gas-liquid mixture that scatters the reflected light. The generated pressure could initiate a shock wave in the 
overlaying layer causing its delamination [23]. Due to the resulting expansion of the volume at the substrate-
layer interface, the material cools adiabatically and condenses (bright spot on the 100 ps picture in FIG. 3 and 
 = 1.7 in FIG. 4a). At 200 ps a dark ring can be observed in the spot 
center in FIG.  an interference phenomena from light reflected 
from a flat surface and a curved layer. That means that the SiO2 layer begins to bulge.  
corresponds to a calculated bulging height of about d = 263 nm (inlayed formula in FIG. 4b). From that delay 
time up to 1 ging height is determined in FIG. 4b 
(counting uncertainty ±0.5 interference orders). An approximately constant bulging velocity of v  1800 m/s 
results with an initial acceleration of about 1.8 1012 g. Between 1 ns and 10 
is too high to be spatially resolved by our microscopy setup. At 10 ns the layer starts to disintegrate and flying 
particles can be observed on the 30 ns and 100 ns pictures in FIG. 3. Afterwards the final state shows a clean 
ablation spot without detectable thermal defects. The last picture shows the same ablation spot as displayed as 
AFM image in FIG. 1 in the middle column. 
3.2.2. Irradiation of a 500 nm SiO2 layer on Si substrate 
 
The pump-probe images of the ablation of the 500 nm thin SiO2 film reveal a similar reaction behavior 
compared to the 100 nm layer up to delay times of 10 ps. The initial reaction steps are identical. A 
quantitative difference appears only in the increase of the relative reflectivity change after 1 ps. The 
reflectivity of the 500 nm layer reaches its maximum at a level of about  = 0.75 compared to 
 = 1.25 for the 100 nm layer (FIG: 4a). Eventually, the 500 nm SiO2/Si layer system has a higher 
reflectivity at the laser wavelength, whereby the energy deposition in the Si would be minimized. This effect 
has to be investigated more detailed. From delay times of 100 ps on differences between the two samples can 
be observed in their mechanical motion. The motion of the 500 nm thin film starts later  
ring appears on the picture taken at a delay time of 500 ps (FIG 3). Moreover, a reduced bulging velocity of 
v  m/s is determined (FIG. 4b). A reason for the delayed and decelerated motion is the higher inertia of 
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the thicker film. Additionally, the applied pulse energy is not sufficient to completely remove the SiO2 film 
(FIG. 3 last picture) - the ablation threshold fluence depends on the film thickness. 
 
a) b)  
Fig. 4. Ablation behavior of SiO2 (100 nm and 500 nm) on Si substrate for irradiation with a  = 1053  = 660 fs laser pulse. a) 
 = (Rt R0)/R0 (R0: reflectivity before the pump pulse impact; Rt: reflectivity at chosen delay time t) 
over delay time up to 100 ps. b): Layer bulging height d calculated by interference orders m. The lines are a guide to the eye. 
3.2.3. Summarizing model of the single laser pulse ablation of thin SiO2 films 
 
The results obtained by pump-probe microscopy investigations of thin SiO2 films described in the section 
before are summarized in the simplified model in FIG. 5. At 0 s the laser pulse irradiates the sample and its 
energy is absorbed by valence electrons, exciting them and leading to nonthermal melting after 1 ps. At 
around 10 ps a confined phase explosion takes place combined with the creation of an inhomogeneous gas-
liquid mixture. The high pressure at the layer interface initiates a shock-wave in the SiO2 layer causing its 
delamination after 100 ps. Adiabatic cooling results in condensation of the SiO2 film at the layer interface. In 
the time range between 500 ps and 5 ns the delamination shades into a progressing bulging. At 10 ns the 
disintegration of the SiO2 film occurs, emitting small particles. The final state shows a clean ablation if the 
  1.0 J/cm² for the 100 nm thin SiO2 layer respectively 
  1.5 J/cm² for the 500 nm thin SiO2 layer). 
 
 
Fig. 5. Generalized and simplified model describing the laser ablation of a thin transparent SiO2 layer on Si substrate. Different essential 
reaction steps (delay times indicated under the images) are displayed in side view. 
4. Conclusion 
The removal of thin SiO2 layers from a Si substrate by single ultra-short laser pulses was demonstrated and 
investigated. First, a rough evaluation of the influence of the laser fluence variation on the ablation result was 
given. At fluences slightly below the ablation thre thr  J/cm² the SiO2 layer only bulges, at 
fluences slightly above the threshold fluences the SiO2 film is removed properly and at fluences far above the 
threshold fluence damages in the Si occur. 
For a deeper understanding of the underlying physical mechanisms of the selective ablation this indirectly-
induced reaction is investigated by time- and space-resolved pump-probe microscopy. Two different layer 
thicknesses of 100 nm and 500  = 1.0 J/cm². Results 
show phase transitions in the first 100 ps  nonthermal melting at 1 ps, creation of gas-liquid mixture at 10 ps 
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and condensation at 100 ps  and the mechanical motion of the SiO2 film from 100 ps on. In this time range 
the layer delaminates and starts to bulge whereas the bulging velocity of the 100 nm layer is clearly higher 
(v  1800 m/s) compared to the bulging velocity of the 500 nm film (v  400 m/s). At around 10 ns the film 
disintegrates. The 100 nm layer is selectively removed whereas parts of the SiO2 remain in the irradiated spot 
for the 500 nm film. The obtained results are summarized in a model describing the principal mechanisms of 
indirectly-induced laser ablation processes. This model should also be valid for other layer systems where a 
transparent thin film is removed from an absorbing substrate by ultra-short pulse laser irradiation. Industrial 
important examples are the before mentioned systems of ZnO on CIS [7,8] or Ta2O5 on Pt [9,10]. 
Hence, an ablation mechanism with high potential for industrial applications was investigated and 
explained. The advantages of indirectly-induced ablation processes are their energetic efficiency allowing 
highest laser processing speeds and the clean and defect-free ablation structures. 
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